An adsorbent, volcanic rocks coated with α-Fe 2 O 3 nanoparticles, was prepared and utilized for the removal of Cu(II) and Ni(II) ions from an aqueous solution. Characterization of the coated volcanic rocks indicated that the α-Fe 2 O 3 nanoparticles were successfully and homogeneously distributed on the volcanic rocks, including penetration into rock pores. Batch experiments were conducted to investigate adsorption performance. The adsorption behavior of both ions was found to best fit a pseudo second-order model and Langmuir isotherm. The maximum adsorption capacities of Cu (II) and Ni(II) ions were 58.14 mg g À1 and 56.50 mg g À1 at 293 K, respectively, and increased with rising temperature. The loaded α-Fe 2 O 3 nanoparticles onto volcanic rock significantly increased removal of Cu(II) and Ni(II) ions. The adsorption process was combined control of film diffusion and intra-particle diffusion. Adsorption thermodynamics indicated the adsorption process was spontaneous and occurred mainly through chemisorption. The results confirmed that the volcanic rocks coated with α-Fe 2 O 3 nanoparticles acted as a high-efficiency and low-cost absorbent, and effectively removed Cu(II) and Ni(II) from wastewater.
INTRODUCTION
Heavy metals are principal environmental pollutants due to their high toxicity, persistence and resistance to physical, chemical and biological degradation. The stability and ubiquitous nature of metal ions have made them a significant global environmental problem in numerous lotic and lentic water bodies. Large-scale mining, hide tanning, chemical, metallurgical, electrical and electronics industries in developed industrial nations, as well as small-scale and home business arts and crafts in developing countries, are the main sources of heavy metal contaminated wastewater (Rafatullaha et al. ) . Contamination directly affects surface water and groundwater that receive effluents as well as non-target water bodies that are impacted through infiltration or runoff. In any recipient aquatic system, heavy metals may pose a hazardous risk to ecological receptors as well as human health through direct and indirect exposure pathways.
Because heavy metal ions are not biodegradable, decontamination of wastewater relies on physical and chemical removal, which has been commonly achieved through chemical precipitation, ion exchange, membrane filtration, adsorption (physi-, chemi-and bio-sorption), electrodeposition or flotation (Chang et al. ) . However, these methods have several disadvantages including incomplete heavy metal removal, high reagent and energy requirements and generation of toxic sludge/waste products that require disposal and further treatment (Chakravarty et al. ) . Among the physicochemical treatment processes, adsorption is a highly effective and easily applied method for the removal of heavy metals from wastewater (Bailey et al. ) , especially when the metals are present at low concentrations (Wang & Chen ) . While several adsorbents have been shown to be effective in taking up heavy metals from polluted water, including activated carbon (Aggarwal et al. ) , metal oxides (Ai et al., ) , zeolite (Chojnacki et al. ) , biosorbents (Tangaromsuk et al. ) , chitosan (Rorrer et al. ) and functionalized silica (Bois et al. ) , these materials suffer from either low sorption capacities or high cost ( Jia et al. ; Yang et al. ; Unuabonah et al. ) . Since cost is often a limiting factor in effectively treating contaminated wastewater, those adsorbents with high adsorption capacity and low cost should be the focus of development and application for the removal of heavy metals from polluted water.
Volcanic rocks have received particular attention as economical adsorbents for removing heavy metals due to their key properties of large surface area, high water absorption capacity and negatively charged surface (Yavuz et al. ) . Moreover, volcanic rocks are abundant in many parts of the world and thus can often be easily obtained at a very low cost. The potential of volcanic rocks to remove heavy metals from aqueous solutions has been reported by several researchers (Kwon et (Sharma et al. ; Feng et al. ; Tang et al. ) . Metal oxides, including ferric oxides, magnesium oxides, aluminum oxides and titanium oxides, are good heavy metals adsorbents. This characteristic has led to the development of metal (hydr)oxidecoated material as a filtration/adsorption medium for use in water treatment (Ahammed & Meera ) . Iron oxide-coated sand, for example, is highly efficient in removing heavy metals (Bailey et al. ; Lo & Chen ; Lai et al. ; Liu et al. ) . Removal capacity of the sand-iron oxide combination may be enhanced because of a large number of micropores and higher specific surface area (Boujelben et al. ) . Little information, however, is available about the adsorptive interactions between heavy metals and nanomaterialcoated natural adsorbent.
The α-Fe 2 O 3 nanoparticle-coated volcanic rocks (coated volcanic rocks) were synthesized for this study. The morphology and structure of the coated volcanic rocks were investigated. The primary objectives of the present work were to determine adsorption affinity, kinetics and equilibrium loading capacity of the coated volcanic rocks for removal of Cu(II) and Ni(II) in an aqueous solution. In addition, the adsorption mechanisms of the coated volcanic rocks were also assessed.
EXPERIMENTAL Materials
Natural volcanic rocks collected from the Changbai Mountain were provided by Yanbian Zhongxing Bastle Stone Co., Ltd (Jilin Province, China). FeCl 3 ·6H 2 O, NaOH, Cu(NO 3 ) 2 ·6H 2 O, Ni(NO 3 ) 2 ·6H 2 O, and HNO 3 were purchased from Sinopharm Chemical Reagent Co., Ltd (China). HNO 3 was analytical reagent grade while the other materials were guaranteed reagent grade. All aqueous solutions were prepared using Milli-Q water (18.2 MΩ cm) (EMD Millipore, Billerica, MA, USA).
Preparation of volcanic rocks coated with α-Fe 2 O 3 nanoparticles
Natural volcanic rocks (10 g) with a mesh size of 1 mm were acidized by placing them in a dilute HNO 3 solution for 12 hours with no light. After 12 hours the rocks were removed and washed repeatedly by distilled water until the pH of the wash water was circumneutral. The acidized volcanic rocks were dried at 363 K for 24 hours in an electrothermal constant-temperature dry box. The method suggested by Ren et al. () was employed for coating volcanic rocks with Fe 2 O 3 nanoparticles. The dried acidized volcanic rocks were placed into a 2 mmol L À1 FeCl 3 solution, and the pH of the solution was adjusted to 13.0-14.0 using diluted NaOH solution. After stirring for 30 min the mixture was transferred to a Teflon-lined autoclave and heated at 373 K for 8 hours. Following cooling to room temperature, the mixture was transferred into a crucible and calcined at 673 K in air for 2 h to produce brown-red α-Fe 2 O 3 nanoparticle-coated volcanic rocks. The coated volcanic rocks were washed with a large volume of deionized water, followed by drying at 363 K in an electrothermal constant-temperature dry box. The sequential chemical reactions leading to creation and stabilization of the coated volcanic rocks are shown in Equations (1) and (2):
Water stability of the coated volcanic rocks Some of the samples were transferred into several conical flasks with 40 mL of solution, each with somewhat different pH values ranging from 2.0 to 9.0. The flasks were placed on a shaker table and agitated for 3 hours at 200 rpm at room temperature. The water stability of the coated volcanic rocks was determined by the solutions after the agitation.
General characterization
Sample morphology was characterized by environmental scanning electron microscopy (ESEM, XL30) and transmission electron microscopy (TEM, Tecnai G 2 F20
S-Twin). The ESEM and TEM images were recorded at an accelerating voltage of 20 kV and 200 kV, respectively. The phase constitutions of the samples were analyzed by X-ray photoelectron spectroscopy (XPS, AXIS Ultra). The Brunauer-Emmett-Teller (BET) surface area and pore size distribution of the samples were measured by an accelerated surface area and porosimetry system (ASAP 2010) using the N 2 adsorption-desorption test at 77 K.
Adsorption experiments
To investigate the adsorption behavior of the coated volcanic rocks, batch sorption experiments were conducted using two different metals. Stock solutions of Cu(II) and Ni(II) (1,000 mg L
À1
) were prepared by adding appropriate amounts of Cu(NO 3 ) 2 ·6H 2 O and Ni(NO 3 ) 2 ·6H 2 O to Milli-Q water, respectively. A certain amount of coated volcanic rock was added to conical flasks containing 40 mL of either a Cu(II) or Ni(II) solution of known concentration. The flasks were then agitated on a shaker table for 720 min at 200 rpm. The solutions were clarified by passage through a 0.45 μm membrane filter; the dilute filtrate was analyzed using inductively coupled plasma-mass spectrometry (ICP-MS, X Series II). The pH of the solutions was adjusted using either 0.5 mol L À1 HNO 3 or NaOH.
All batch experiments were performed in duplicate. The metal ion adsorption capacity, q t (mg g À1 ), and adsorption efficiency, R, at time t were calculated from Equation (3) and Equation (4), respectively:
where C 0 and C t are the initial and the final concentrations (mg L À1 ) of the solution, respectively; V is the volume (L) of the solution; m is the dry mass (g) of the coated volcanic rock.
Contact time studies
Coated volcanic rocks (400 mg) were added into conical flasks with 400 mL of a Cu(II) and Ni(II) solution (100 mg L À1 of each metal) at a pH of 6.0. The test flasks were placed into a shaker bath at 293 K, and 20 mL aliquots were sampled at specific intervals (5, 10, 20, 40, 60, 80, 120, 180, 240, 360, 540 and 720 min) . 
RESULTS AND DISCUSSION

Characterization of coated volcanic rocks
The test solutions from the water stability study remained clear with little or no turbidity and no precipitation in the flasks, indicating the coated volcanic rocks were stable. ESEM images show the homogeneous distribution of α-Fe 2 O 3 on the volcanic rocks, interspersed throughout the porous rock structure (Figure 1) . The product morphology was confirmed by TEM analysis (Figure 2) . The α-Fe 2 O 3 coating on the rocks was quite thin, with a thickness of approximately 1 nm. Numerous pores were apparent in the coating.
The full XPS spectra of natural volcanic rocks and the coated volcanic rocks are shown in Figure 3 , respectively. These data indicate that during acidification of natural volcanic rocks, the chemical successfully penetrated a greater number of structural gaps, but hydrothermal and calcination partially blocked the pore channels of the main acidified volcanic rocks. The results also indicate that the α-Fe 2 O 3 nanoparticles successfully coated a large portion of the volcanic rock surface area, including the pores.
Adsorption kinetics
Adsorption kinetics of Cu(II) and Ni(II) ions onto the coated volcanic rocks, at an initial concentration of 100 mg L À1 , indicated a two-stage process (Figure 4 ). The initial step was the fast adsorption process, occurring within 40 min and especially in the first 20 min, which suggests that adsorption was occurring on a large number of superficial adsorbent sites on the coated volcanic rocks. As the surface sorption sites were filled, the metal ions were transported from the exterior to interior sites during the second stage which occurred between 40 and 720 min post-initiation. No significant changes in adsorption capacities were noticed after 360 min. In order to ensure maximum adsorption by the coated volcanic rocks, the equilibrium time in all subsequent experiments was maintained at 720 min.
To further investigate the adsorption kinetics, the pseudo first-order and second-order kinetic models were applied to describe the kinetics of the Cu(II) and Ni(II) ions adsorbing on the coated volcanic rocks. The pseudo first-order and second-order kinetic models are described as in Equation (5) (Lagergren ) and Equation (6) (Ho & Mckay ) , respectively: log (q e À q t ) ¼ log q e À k 1 t 2:303 (5)
where q e and q t are the adsorption capacities of ions onto the adsorbent at a state of equilibrium and time t (mg g À1 ), respectively; k 1 and k 2 are the rate constants of pseudo first-order adsorption (min À1 ) and pseudo second-order adsorption (g mg À1 min À1 ), respectively; k 1 and k 2 may be determined from the slope of the linear plots log (q e À q t ) versus t and the intercept of the linear plot between t=q t versus t, respectively. Because of the porosity of the coated volcanic rocks and the agitation that was applied in the batch reactor, the metal ions naturally migrated from the solution to the rock's surface and subsequently into the interior. Therefore, an intraparticle diffusion model was also applied, as expressed by Equation (7) (Weber & Morris ):
where, in plots of q t versus t 0:5 , a straight line passing through the origin and the slope gives the diffusion rate constant k p (min À0:5 ).
Model parameters are listed in Table 1 . The coefficients of determination (R 2 ) indicate that the pseudo second-order kinetic models provided the best fit to the data. The equilibrium values based on the pseudo second-order equation closely tracked the experimental data, providing further evidence that pseudo second-order kinetics are appropriately Figure 5 ) yields best fit straight lines for each metal ion that do not pass through the origin, suggesting that intra-particle diffusion was not the sole rate limiting factor for adsorption (McKay et al. ).
Effect of pH
The influence of pH on the adsorption of metal ions was reflected in the degree of ionization, speciation of metal ions and the surface charge of the adsorbent (Elliott & Huang ) . The adsorption capacity of Cu(II) and Ni(II) ions was found to be pH-dependent, increasing as pH rose, with maximum adsorption observed at pH 6.0 (Figure 6 
The diverging trends of efficiency versus capacity indicated that the adsorption sites on the rock's surface remained unsaturated even as the concentrations of the coated volcanic rocks rose. Thus, the adsorbent dosage affected adsorption at specific surface area locations and surface adsorption sites ( Jayaram et al. ) .
Effect of initial Cu(II) and Ni(II) concentration
The adsorption capacities for the Cu(II) and Ni(II) ions increased from 20.00 mg g À1 to 68.13 mg g À1 , and ( Figure 8(a) ). However, the adsorption efficiency of Cu(II) and Ni(II) ions decreased from 100% to 35.15%, and 100% to 34.07%, respectively (Figure 8(b) ). These responses suggest the Cu(II) and Ni(II) ions were completely removed from the solution at the low initial concentrations (<35 mg L À1 Cu(II) ions and 20 mg L À1 Ni(II)). At the low initial concentrations, an excess number of available adsorption sites on the rock's surface were available and thus some remained unoccupied. As the metal ion concentrations increased, the remaining adsorption sites were also occupied, yielding a larger quantity of adsorbed ions. Eventually, the adsorption sites on a given mass of coated volcanic rocks were exhausted, there was a saturation of adsorbed ions and the efficiency of Cu(II) and Ni(II) adsorption decreased with an additional rise in ion concentrations.
Effect of temperature
Temperature was found to significantly affect the adsorption process ( Figure 9 ). The quantity of adsorbed Cu(II) and Ni(II) ions increased as temperature rose. With initial concentrations of Cu(II) and Ni(II) at 100 mg L
À1
, the equilibrium adsorption capacities increased from 57.50 mg g À1 to 69.50 mg g À1 and from 53.60 mg g À1 to 66.15 mg g
, respectively, as the temperature increased from 293 K to 313 K.
Adsorption isotherms
To further describe the adsorption behavior of Cu(II) and Ni(II) on the coated volcanic rocks, Langmuir, Freundlich and Temkin isotherm models were used, which were expressed as follows (Dada et Langmuir model:
Freundlich model:
Temkin model:
where q e , q m and C e are the adsorption capacity (mg g À1 ),
the maximum adsorption capacity (mg g À1 ) and the equili- calculated from the slope and intercept of the linear plot of C e =q e against C e ; K F and n are the Freundlich isotherm constants, with K F indicating the adsorption capacity and n being related to the energetic heterogeneity (average energy of sites); K F and n are obtained from the intercept and the slope of the linear plot of ln q e against ln C e ; A T is the Temkin isotherm equilibrium binding constant (L g
À1
) and B is the constant related to heat of sorption (J mol À1 ).
Langmuir, Freundlich and Temkin isotherm model parameters are shown in Table 2 . The adsorption process for Cu(II) and Ni(II) ions on the coated volcanic rocks was well fitted to the Langmuir model (Figure 10 ). The other isotherm models were somewhat less suitable, although all coefficients of determination (R 2 ) at the three temperatures were above 0.88 and most were > 0. 
Adsorption thermodynamics
The thermodynamic parameters (△G, △H and △S) for Cu(II) and Ni(II) ions on the coated volcanic rocks were used to determine adsorption characterization. The standard free energy change (△G), the enthalpy change (△H) and entropy change (△S) were calculated from the 
where R (8.314 J mol À1 K À1 ) is the gas constant, T(K) is the absolute temperature, and K d is the thermodynamic equilibrium constant, which can be obtained by plotting ln (q e =C e ) against C e and extrapolating C e to zero (Lyubchik et al. ) .
All the thermodynamic parameters are listed in Table 3 . The negative △G for Cu(II) and Ni(II) indicated the adsorption process was spontaneous. The decrease of △G with increasing temperature demonstrated more efficient sorption at higher temperatures. The positive △H indicated that the adsorption process was an endothermic process while the positive △S suggested the adsorption was spontaneous, with sorption sites having a high affinity for the tested ions. Based on these results, it can be concluded that the adsorption observed here was mainly chemisorption.
CONCLUSIONS
A high-efficiency and low-cost adsorbent, α-Fe 2 O 3 nanoparticle-coated volcanic rocks, was fabricated by calcination of the product by a hydrothermal reaction between volcanic rocks and a FeCl 3 solution. The coated volcanic rocks exhibited a high capacity to adsorb Cu(II) and Ni(II) ions due to the combined characteristics of the volcanic rocks and α-Fe 2 O 3 nanoparticles. The maximum adsorption capacities for Cu(II) and Ni(II) ions were 58.14 mg g À1 and 56.50 mg g À1 at 293 K, respectively, and the loaded α-Fe 2 O 3 nanoparticles onto the volcanic rocks increased removal of Cu(II) and Ni(II) ions. Both the kinetics and thermodynamic data for the adsorption of Cu(II) and Ni(II) ions indicated the adsorption was a chemisorption process, which comprised combined control of film diffusion and intraparticle diffusion. This study confirmed that α-Fe 2 O 3 nanoparticle-coated volcanic rocks had a substantive potential to provide efficient, robust and cost-effective treatment of wastewater contaminated with Cu(II) and Ni(II) ions. Continuing investigations will be focused on recycling of this material after of its adsorption capacity, and promote an evaluation of a scale up procedure.
